
ADOA109 736 AERODYNE RESEARCH INC BEDFORD MA F/6 4/2
FALLING SNOW OPTICAL MODELXNGCU)
NOV 81 M MARTINEZ-SANCHEZ. D S OVORE DAAOO7RI1C-0009

UNCLASSIFIED ERADCOM/ASL-CR-8I-10009-1 NL



1.011112.0'~jfi118
11111_1.25 1.I4  11W1.6

-16 * MI ROCP PftOMO HS HARI



CR-81-0009-1 Reports Control Symbol
OSD 1366

FAL GLVELr t
FALLING SHOW OPTICAL MODELING

NOVEMBER 1981

By

* 'Manuel Martinez-Sanchez
. David S. Dvore 

.
' 2

John F. Ebersole
Roberto Vaglio-Laurin

Thomas E. Spaulding

Aerodyne Research, Inc.
Bedford Research Park, Crosby Drive

Bedford, MA 01730

UNDER CONTRACT: DAAD07-81-C-0009

CONTRACT MONITOR: Mary Ann Seagraves

~'.

Approved for public release; distribution unlimited.

US Army Electronics Research ano Development Command

-l Atmospheric Sciences Laboratory
White Sands Missile Range. NM 88002

\ 1)~ ~ ' Q- -) -,

. ... .....



Disclaimers

The findings in this report are not to be construed as an
official Department of the Army position, unless so desig-
nated by other authorized documents.

The citation of trade names and names of manufacturers in
this report is not to be construed as official Government
indorsement or approval of commercial products or services
referenced herein.

Disposition

Destroy this report when it is so longer needed. Do not

return it to the originator.



SECURITY CLASSIFICATION OF THIS PAGE Mlhen Det Entered)

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS
REPORT__ DOCUMENTATIONPAGE_ BEFORE COMPLETING FORM

I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

ASL-CR-81-0009-1 ___"__ ______

4. TITLE (mdnSubtltle) I. TYPE OF REPORT & PERIOD COVERED

FALLING SNOW OPTICAL MODELING Contractor Report
6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(&) 8. CONTRACT OR GRANT NUMBER(a)

Manuel Martinez-Sanchez, David S. Dvore, John F. DAAD07-81-C-0009

Ebersole, Roberto Vaglio-Laurin, Thomas E. Spaulding

S. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK

Aerodvne Research, Inc. AREA & WORK UNIT NUMBERS

Crosby Drive

Bedford, MA 01730

1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

I'S Army Electronics Research and NOVEMBER 1981
Development Command 13. NUMBER OF PAGES

,\delphi, MD 20783 65

t4. MONITORING AGENCY NAME & ADDRESS(If difletent from Controlling Office) 15. SECURITY CLASS. (of th'i report)

US Army Atmospheric Sciences Laboratory UNCLASSIFIED

White F!ands Missile Range, NM 88002 15. DECLASSIFICATION/DOWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abetract entered In Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

Contract Monitor: Mary Ann Seagraves

19. KEY WORDS (Continue on reveree side if necee ry mnd Identify by block number)

Snow Snowfall Visible Condensation

Falling snow Ice Infrared Accretion

Snowflake Cloud Transmission

Snowstorm Ice crystal Extinction

20. AIISTRAC? (Couthms sm eters sft N eeaefy and fitify by block nsmnbor)

-In order to develop a model describing the adverse weather effects of snow on
optical transmission, it is necessary to incorporate optical, physical, and
meteorological characteristics. We report on the development of a model which

incorporates these three aspects of snow characterization. We first discuss a

numerical model aimed at obtaining an understanding of the meteorological
aspects of snowfall. Specifically, the model accepts as inputs such
measurable quantities as temperature and dew point vertical profiles, as well
as other quantities, often not measured, such as updraft velocity, cloudroo.,- m

DD I JA 7 1473 EDITION1 OF I NOV 6S IS OSSOLETE

SECUIhTY CLASSIFICATION OF THIS PAGE (Whet, Del Entered)

bi



SECURITY CLASSIFICATION OF THIS PAGE("me Date Enet.M.

20. ABSTRACT (cont)

'-droplet size, and ice nucleus concentration. Based on these data, the model
then predicts the time evolution of the cloud, and, eventually, the rate of
precipitation and the type of snow particles arriving at the ground. We also
discuss optical considerations in order to provide a framework in which
physical and meteorological aspects can be included. Specifically, we discuss
the need for areal, volume, and settling velocity parameters in calculating
optical extinction coefficients.,

2T
SECURITY CLASSIFICATION OF THIS PAGEr~wh.. Date EnTICME)



ACKNOWLEDGEMENTS

This contract was monitored by Mary Ann Seagraves of the US Army Atmospheric
Sciences Laboratory. Important technical contributions made by her to the
program described in this report are gratefully acknowledged.

Acces-sjo,- o

NTIS T?&

DT>D 1 C ' I
-_4

3



CONTENTS

151,' )F t(CRKS .......................................................

1. [NTRODUCMtON AND OVERVIEW ......................................... 9

2. .OtE .s;U'w ri Ns ................................................. 11

3. V'ORlU LA F[ON ....................................................... 17

4. APPLECAI'[ONS OF THE '1)rEL ......................................... 23

5. ,)BS-S.KVATLf)NS OF THE SNOW I DATA ................................... 38

.SNOW OPTICS TRANSMITTANCE. CALCULATIONS .............................. 44

7. CoNCLUSIONS AND RECONMENAr IONS ................................... 49

8. RkEFERENCKS ............................................................ 50

.%PPE'NDLX A DLMENSION OF CRYSTAL VS FALLING VELOCITY FOR SIX TYPES
')F SNOW ....................................................... 52

APPENDIX 9 D)IMENSION OF CRYSTAL VS R** (3/2) FOR SIX 'rYPS OF
SNOW .......................................................... 59

I 5

FM0M PAW E 5AIE-O? 71

i {,mcmmNm P m.Am .-, ,



LIST OF FIGURES

1. Ice number density, ice particle flux at cloud top is

1000 m- 2 S - ', water droplet density at cloud bottom is

200 cm' ........................ ...................... 25

2. Ice particle radius, ice particle flux at cloud top is

1000 m - 2 s -
1, water droplet density at cloud bottom is

200 cm .......................................... ........ 26

3. Accreted mass per particle, ice particle flux at top is

1000 m-2 s-1, water droplet density at cloud bottom is

200 cm 3 . .... .... .... .... .... .... .... .... .... ..... .... .... .  27

4. Droplet number density, ice particle flux at cloud top is

1000 m- 2 s-1, water droplet density at cloud bottom Is

200 c- 9................................................... 29

5. Droplet radius, ice particle flux at cloud top is

1000 m - 2 s -
1, water droplet density at cloud bottom is

200 cm ..................................................... 30

6. Liquid water content, ice particle flux at top is

1000 m-2 s- ', water droplet density at cloud bottom is

200 cm ................................................... 31

7. Water vapor density, ice particle flux at top is

1000 m- 1 s-1 , water droplet density at cloud bottom is

200 cm ' .................................................... 32

8. Liquid water content, ice particle flux at top is

500 m- ' s- ', water droplet density at cloud bottom is

200 cm ' ................................................... 34

9. Accreted mass per particle, ice particle flux at top Is

500 m -
2 s -

1, water droplet density at cloud bottom is

1000 cm-' .................................................. 35

6

- _ -..... .



10. Water vapor density, ice particle flux at top is

2000 m - 1 s-1, water droplet density at cloud bottom

is 1000 cm '.......................................... 37

11. Data from airsonde flight, 1130, 22 January 1981......... .39

12. Data from airsonde flight, 2210, 8 February 1981 .......... 40

13. Triangles are Feb 8-9, 1981 storm data (time of day

indicated) solid dot is from Jan 22, 1981 storm ........... 42

14. Snowflake fall velocity data versus dimension for

different snow crystals ................................... 47

15. Snowflake mass versus dimension ........................... 48

A-i. Crystal dimension (mm) vs falling velocity (cm/s) for

needles .................................................... 53

A-2. Crystal dimension (mm) vs falling velocity (cm/s) for

plane dendritic ............................................ 54

A-3. Crystal dimension (mm) vs falling velocity (cm/s) for

spatial dendritic .......................................... 55

A-4. Crystal dimension (mm) vs falling velocity (cm/s) for

powder snow ................................................ 56

A-5. Crystal dimension (mm) vs falling velocity (cm/s) for

crystal with droplet ....................................... 57

A-6. Crystal dimension (mm) vs falling velocity (cm/s) for

graupel .................................................... 58

7



Crystal dimension (mm) vs r (mm) to the 3/2 power for

needles....................................................... 60

B-2. Crystal dimension (mm) vs r (mm) to the 3/2 power for

plane dendritic............................................... 61

B-3. Crystal dimension (mm) vs r (mm) to the 3/2 power for

spatial dendritic............................................ 62

B-4. Crystal dimension (mm) vs r (mm) to the 3/2 power for

powder snow................................................... 63

B-5. Crystal dimension (mm) vs r (mm) to the 3/2 power for

crystal with droplet......................................... 64

B-6. Crystal dimension (mm) vs r (mm) to the 3/2 power for

graupel....................................................... 65

8



1. INTRODUCTION AND OVERVIEW

The clarification of the complex physical phenomena occurring in a

snowstorm is of great interest, both scientifically and from a practical point

of view. On the one hand, most of the snow cloud microphysics is repeated in

the upper levels of a raincloud, and is therefore of very general

meteorological interest. On the other hand, the strong impact of falling snow

on visibility and transmission of various types of radiation, and the

variability of these effects depending on intensity and type of snowl indicate

the need for some understanding of the underlying mechanisms. In order to

develop a falling snow model describing the adverse weather effects of snow on

transmission, it is necessary to incorporate optical, physical, and

meterological characteristics. We report on development of a model which

incorporates these aspects of snow characterization.

In Sections 2 to 5, we report on the development of a numerical model of

snowfall aimed at obtaining such an understanding. Specifically, the model

accepts as inputs such measurable quantities as temperature and dew point

vertical profiles, as well as other quantities, often not measured, such as

updraft velocity, cloud droplet size and ice nucleus concentration. Based on

these data, the model then predicts the time evolution of the cloud, and,

eventually, the rate of precipitation and the type of snow particles arriving

at the ground. This then provides some degree of closure, by allowing

comparisons to such readily observable quantities as equivalent water

precipitation rate and particle flux at the ground.

The model can display the sensitivity of the snowstorm to specific

changes in the data, and can, therefore, serve as a guide in the analysis of

test data, a check on hypotheses, and hopefully a way to generate simple rules

and generalizations. It must be recognized that (a) the extent of the input

9



data that are known a priori is limited, since several key parameters are

usually not measured, and (b) the details of some of the important mechanisms

are not yet well enough understood to allow confident predictions. Given

these limitations, one cannot hope to construct a truly predictive code.

We discuss in Section 6 optical considerations in order to provide a

framework in which the results of the physical and meteorological modeling cam

eventually be linked to effects on transmission. Specifically, we discuss

the need for area, volume, and settling velocity parameters in calculating

optical extinction coefficients.
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2. MODEL ASSUMPTIONS

Ice particles introduced in a supercooled water cloud can grow rapidly by

vapor diffusion at the expense of evaporation from the liquid water. This

mechanism, first postulated by Findeisen, is fundamental for initiating

precipitation, particularly in the wintertime. It is due to the fact that the

vapor pressure of liquid water exceeds that of ice by as much as 0.2 mmHg for

a range of temperatures below 00C, the difference peaking at -l20C.

The ice growth rate will peak at ambient temperatures slightly below the

peak of the differential vapor pressure curve (since the release of latent

heat will slightly warm up the ice particle), and will be slower on either

side of this maximum. This growth rate in turn determines the shape and type

of ice crystals formed, and is the basis for ice habit diagrams such as that

of Nakaya2 or Magono and Lee 3(1966). For instance, very slow growth (either

near 0*C or below -25*C) will favor the thermodynamically stable equilibrium

crystal habit, short columns, while fast growth gives prominence to kinetic

effects which tend to accelerate growth of the prismatic faces and results in

plate or branched plate formation between -10 and -20*C. The degree of

ambient moisture has a secondary effect in affecting this habit selection.

Thus, rules can be implemented in a model to select the correct crystal habit

depending on local growth rate.

For a 1 km thick cloud the temperature difference between top and bottom

is between 5 and 10*C, which is a relatively narrow range in a crystal habit

diagram. Thus, we adopt the simplifying assumption that only one crystal type

exists in the cloud. The type (plate, needle, or spherical) is selected a
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priori, based on the given vertical profiles. Within each basic type, the

degree of riming by supercooled drops is calculated in detail, and it results

in a continuum of particle aspect ratios, leading, far heavy rime, to

spherical graupel.

The origin of the ice crystals is one point of difficulty, since the

state of knowledge is still imperfect and several mechanisms are involved

(seeding from an overlying "seeder cloud", as originally proposed by Bergeron,

or intra-cloud ice nucleation by contact or other mechanisms). In any case,

ice nuclei appear preferentially at the cloud top. For modeling purposes, we

bypass this difficult by treating the nuclei flux at cloud top in a parametric

fashion.

One other element of modeling difficulty concerns the magnitude and

distribution of the in-cloud updraft. For stratiform or nimbus types of

clouds, this updraft is likely to be in the range of 0.1 to 0.5 rn/s only,

but since the fall speed of ice and snow particles is in that range as well,

its influence is essential. Data on stratus cloud updraft are very scanty,

and the planned SNOW tests do not comtemplate its measurement. Therefore, we

treat this effect parametrically as well, and will have to rely on detailed

comparison of model results with those data which will be available (lapse

rate, dew point profile, synoptic weather data, ground precipitation data) in

order to construct rules for selecting the proper updraft values.

We consider in the model a monodisperse water drop population. The

effect of polydispersity of liquid water droplets on their accretion on Ice

particles was studied by Ryan~ . While for the wide spectrum of a maritime

cumulus cloud, there was a factor of 2 less growth if the mean size only was

considered, the effect was negligible for a more concentrated continental

cloud spectrum.
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Most of our calculations are done using the assumption of no external air

entrainment and mixing, although a mixing length parameter is specified and a

sink term due to mixing is included in several of the equations (see below).

Aside from this, the concentration of liquid water present is determined by an

overall water balance that includes advection of vapor and condensation on ice

particles. The latter is treated in a fully kinetic manner, but the growth of

individual liquid droplets occurs over such short time scale that its

inclusion as a kinetic equation would make the system of equations very

stiff. Accordingly, above a threshold of 10-5 Kg/in3 liquid water contents it

is assumed that vapor-water equilibrium is maintained. In the presence of

large enough ice concentrations, or if the supply of condensible vapor is veak

for the available ice, the pressure of vapor may fall below water saturation;

this is detected in the model by a tendency of the liquid water density, as

calculated under the water equilibrium assumption, to drop. When the 10O5

Kg/in threshold is crossed, the assumption of vapor-water saturation is

abandoned. The drops are assumed to evaporate rapidly (in one time step) and

the vapor concentration is then determined by the water balance equation,

without a liquid term in it. The equation that controls the number density of

water drops is, however, retained, so that the nuclei at least are assumed to

remain present; if the vapor conservation equation indicates later a tendency

to overshoot the water saturation level, re-nucleation is considered to occur,

and the excess vapor is distributed over the water condensation nuclei.

teAlthough the above procedure constitutes a satisfactory determination of

theliqidwater contents, the particle size has to be left as a model

parameter. What is actually done is to specify at the cloud bottom the

concentration of cloud condensation nuclei. This serves as the lover boundary

condition for a droplet number conservation equation; the equaton itself

accounts for time variation, convection in an inhomogeneous cloud, and loss of
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drops due to accretion on ice. The droplet size then follows at each time and

place from the water contents and the number density.

Accretion (riming) is modeled as a process of capture of droplets by the

faster falling ice crystals. The capture efficiency depends quite critically

on both, drop and crystal size; we use curve fits to the calculated

efficiences of Refs. 5 and 6.

The accreted water is assumed to freeze on contact. This may not be true

at high accretion rates and moderately warm temperatures, and some of the

unfrozen water may them be shed off; however, the details of this are not very

well understood, and for the present we ignore shedding. Formation of ice

splinters upon accretion is also ignored, as is crystal breakage by the

collision. The former is rarely observed for droplets smaller than 50 Pim

diameter, while the latter requires the presence of rather large drops

(diameter > 250 pim). Thus, for the range of most interest in winter clouds

(less than 50 jim diameter), ice multiplication processes can be at least

tentatively neglected. The accreted mass is assumed to be added to the

shorter particle dimension, until it becomes a spherical graupel particle.

The density of accreting particles is at present taken to be 0.5 g/cm3, but a

more detailed model is probably needed.

The primary particle variable is its mass. once this is known, well

established dimensional relationships can be employed to infer the geometrical

ratios for each type of particle, as well as its density. The prototype of

these relationships for diffusional growth is the Auer-Veal rules, as complied

for Instance by Davis7 . Densities are calculated according to Heymsfeld.8.

When both accretion and vapor growth are present, the particle diameter is

assumed to grow purely due to the vapor deposition, at a rate determined by

the rate of vapor condensation in the same manner as if no accretion existed.

The accreted mass, on the other hand contributes to increase the thickness

14



only, as indicated. This procedure was also used, for example, by Young

(Ref .9).

One final important assumption is at present made in the model, namely,

ice particle agglomeration is neglected. This is consistent with our use of a

single Ice particle type and size, since ice-ice agglomeration is driven

mostly by the difference of settling velocities. The adequacy of this

criterion can be tested by comparing the ice-ice mean collision frequency to

the inverse of the residence time for a particle; the criterion for no

agglomeration is then found as

V

n < i , 11

where ni is the ice particle number density, vi its mean fall velocity,

with characteristic spread Avi, Ai the particle frontal area and H the

height of the cloud top. Assuming a power law vi - k ab for the fall

speed (where a -particle radius and b =0.3-0.6), we have (A vi)fvi

b (Z a)Ia. For H -2000m, a -500 umn, b - 0.5 and Z a -a (as in an

exponential distribution), the criterion for no agglomeration gives

n i < 1.3 x 10 m~ 1.3 (liter) 1  (2)

This density is exceeded in glaciated clouds (where however, a is

probably smaller than 500 Pm) or in thin layers of high concentration.

Therefore, for clouds topping at less than about 2-3 kcm, agglomeration is not

a dominant issue; it is even less so if only the in-cloud part of the ice

crystal growth is of interest. As an example, the detailed set of data of

15



Ref. 10 show no agglomeration in clouds topping at about 2000m, even when the

glaciated cloud top reaches ice concentrations of 20-40 (liter)-

However, this does not mean that conditions do not arise where

agglomeration is important. Cloud top heights of over 3 km are not uncommon,

and are, in fact, characteristic of the most intense snowstorms. In fact, our

preliminary analysis of the data of the SNOW I test series 1 indicates the

predominance of agglomeration effects (a discussion of these data appear

elsewhere in the paper). Therefore, an extension of the model to cover such

cases is very desirable from a practical viewpoint.
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3. FORMULATION

The model consists of six one-dimensional, time-dependent partial

differential ,.uations for the following variables: ice particle number

density (ni), and mass (mi), accreted mass per ice particle (ma), ice

particle major radius (a), droplet number density (nd) and droplet mass

(md). If mixing with outer air is neglected (case of very extensive stratus

layers), the equations are:

anl a+ a i vi) =0 (3)

an n, dm,
d + L (n V - (-) (4)

at ay d accr.

ami  am dm dmi
__i i

+ vd + (5)
t t vapor accr.

diff.

amd amd dm, apv a
nd d+v di - ( v~d(-)= -ni (dt vapor at ay (v a

diff.
(6)

am am amia aia +  v i d - -  ( 7 )
accr.
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aa + v La (dmi /dt)diff
-+vi  - • (8)

at i ay (dmi/da)diff

Here vi and vd are the net (upwards) velocity of ice particles and

droplets respectively:

V 1 =Va vi, settl (9)

Vd =Va Vd, settl (10)

where Va is the prescribed updraft velocity, and visettl, Vd,settl are

the ice and droplet settling velocities, respectively. The vapor density pv

is taken as the water-equilibrium density (from a curve fit to the

Clauslus-Clapeyron equation) whenever ndmd > 10-5 Kg/m 3 . Since Pv then

depends only on the ambient temperature (whose profile is prescribed), Eq. (6)

can be viewed as governing the droplet mass md. On the other hand, if
-5 3

ndmd < 10- Kg/m , md is set equal to zero, and Eq. (6) is turned around

to become a conservation law for pv (breaking the connection of Pv to T).

18



The diffusive rate of growth of ice particles is given by

dmi (C/ ) S i
( d----di ff =

RT L LM (I)
a + s w

e (T)M VT7 R-.-~ T I
sat,i a v w aa a

where C is the electrostatic capacitance of the particle (a function of its

size and shape), e. a 8.85 x 10-12 in MKS units is the permittivity of

free space, Sv,i is the supersaturation relative to ice, R-8.314 Joule/(Mole

OK) is the gas constant, esati is the ice saturation vapor pressure, Mw

is the molecular weight of water, L. the heat of ice sublimation and Dr',

Ka' are effective vapor diffusivity and air thermal conductivity,

respectively. These effective transport properties incorporate correction

factors for both free-molecular flow effects and high Reynolds number effects;

details can be found for example in Ref. (12), Ch. 13. Equation (11) accounts

in its formulation for the reduction of condensation rate due to particle

heating by the release of latent heat. The ice supersaturation Sv,i is

calculated by

e
S = - 1 (12)esati (Ta)

where

e -p v R T (13)

and e stands for the prevailing pressure of vapor (e. < esat,w (Ta)).
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Accretion growth for plate-like particles is given by:

d1 )accr. = Ec 1(ad + a)2 ( VFALLi VFALLd ) W (14)

where Ec is the collection efficiency, 5,6 ad and ai are the drop and

plate radii, respecfiv :,y, and Wt is the local water content of the cloud.

Similar expressions are used for other particle shapes.

Particle i:-I drorlet fall velocities are calculated using standard

literature value of the drag coefficient for the various shapes and sizes.

The calculerton t#g-s the form

N f (CD N2e) (15)

where

N 8mD - P g (16)
D Re 2

ilipa

can be calculated directly in terms of the particle mass mi, f is a known

function, depending on geometry only, and

N P a V FALL d (7

NRe = a (17)
a

is the particle Reynolds number, from which the fall velocity follows.

Functions f for both oblate and prolate spheroids (as well as for spheres)

have been incorporated in the model.
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Equation (8) expresses the assumption that only vapor condensation can

increase the particle major dimension, a. The quantity (dmi/da)diff is

calculated from the expressions in Refs. 7 and 8. For plates (in MKS units).

dm 1.0123 a1 .47 5  a < 1.6166x10 -4m
(dTj) " {

dtff 0.31925 a1 .0 98  a > 1.6166xlO-4 m (18)

Mixing with external air is accounted for through a simple device. It is

assumed that mixing is proportional to updraft strength Va, inversely

proportional to cloud horizontal extent, and proportional to the difference in

densities of the mixing quantities (ice, water, and vapor densities). No

enthalopy mixing is explicitly included, since the temperature profile is

directly an input to the model. Introducing a "mixing length" £m (of the

order of 5 times the horizontal radius of the cloud, according to Ref. 13),

the additiotial terms on the right-hand sides of Eqs. (3),(4), and (6) are

respectively

v a
-a ni (3a)

m

v a
-t- nd (4a)

m

v
a (6a)
m

It can be seen by comparison of these terms with the convective

derivative terms in the corresponding equations that mixing effects become

significant only for clouds with thickness comparable to their diameter; for
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extensive stratus (Z, >> cloud thickness), mixing is only significant near

the cloud edges.

The "natural" boundary conditions of the problem are: ice flux or ice

number density and ice particle mass at cloud top, water droplet number

density and zero droplet diameter at cloud base, zero accreted mass and

prescribed particle diameter at cloud top, and water-saturation vapor density

at cloud base.

In addition, the numerical procedure requires the remaining boundary

conditions to be specified as well (on ice mass, diameter and accretted mass

at cloud base, droplet density and diameter and vapor density at cloud top).

We choose zero flux gradient conditions f or these quantities, indicative of

the fact that no changes (or only very slow ones) are expected outside the

cloud.

The initial conditions are normally chosen to correspond to an ice-free

supercooled cloud in a nonprecipitating steady state. Some inconsistency is

incurred in that precipitation would be required to balance the vapor

advection by the updraft, which is assumed constant in time. This initial

inconsistency disappears gradually as ice phase precipitation develops from

the cloud top down.

The system of partial differential equations is solved in time and space

by the McCormick time-split method, accurate to first order in time and to

second order in space. Typical mesh sizes are 20m and 5 sec. (if droplet

growth were modeled kinetically, a much shorter time step would be required).

A slow growing numerical instability of short wavelength (two grid spaces) is

noticed for some conditions. A periodic smoothing of the profiles using a

local filter has been found to correct this problem.
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4. APPLICATIONS OF THE MODEL

We present in this section some examples of the sort of results

obtainable with the model just described. Although comparison to data is made

difficult by the lack of detailed space-time measurements of in-cloud

developments, some qualitative comparisons will be made to the data of Ref.

10. as well as (in the following section) to SNOW I test data.

Figures 4 through 7 present in detail the calculated time history of a

snowstorm where most of the effects included in the model can be observed.

The input data are as follows:

Cloud thickness: From 1000 to 2000m in altitude

Temperature profile: Linearly decreasing from -11*C to -170C

(8*C/km). This is close to moist adiabatic conditions.

Updraft: l7cm/sec, tapering to 8.5 cm/sec in the last 60m.

Ice nuclei flux: 10OO/(m2 sec) at cloud top

Ice nuclei size: 200 ui radius at cloud top

Droplet density: 2 x 108 m-3 at cloud base

Mixing length: 3000m

Ice particle type: plates (consistent with growth at about -15*C)

Some of these data were selected to match the conditions reported in

Ref. 10 (temperatures, altitudes, droplet size, crystal type). In that work,

clouds in different stages of development were observed during a two day

period and in-cloud data were sampled (ice and water contents, crystal

concentration and type). Although the clouds are classified as "incipient",
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"mature" or "decaying", no information can be obtained regarding their earlier

history or other conditions (updraft, nuclei flux).

Figure 1 shows the development of the ice density profile. After 1000

s from ice seeding initiation, the ice has penetrated some 800m into the

cloud; accounting for the updrafts, this represents a settling velocity of

some 95 cm/sec, which is typical of rimed sub-millimeter plates. The

development from this time on is quite regular, with a gradual increase in ice

concentration, approaching about 3 particles/liter. This increase indicates

accumulation due to slower fall velocities as time increases; we will later

trace it to the gradual disappearance of rime on the particles, as the cloud

glaciates.

Figure 2 shows the development of ice crystal radius. The gradual

increase with time corresponds also to the slower fall velocity, which gives

each particle more residence time, and allows more growth by vapor diffusion.

By about 11,000 sec, an acceleration of this growth is discernible; this can

be correlated with the accumulation of crystals at cloud top, visible in Fig.

I at 11,000 sec, and, as will be seen later, with the arrival of glaciation

there. The disappearance of accretion leads to this local accumulation due to

the very slow fall of the small ice crystals present at the top.

Figure 3 shows the accreted mass per particle. The main accretion event

occurs between 1000 and 3000 sec, and the 1000 s profile shows a significant

amount of riming; at the peak of this profile, about two thirds of a particle

mass is in the accreted droplets. As time progresses, the accreted mass

gradually disappears, and is insignificant at 11,000 sec.
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The corresponding developments regarding the liquid phase are presented

in Figs. 4, 5 and 6. In Fig. 4 we can observe the strong depletion of water

droplets by the process of riming at t =3000-5000 sec, particularly in the

upper third of the cloud, where the drops have diameters of about 20 Um, and

are at the peak of their accretion efficiency. The reduction of their

efficiency down the cloud, as the droplets become smaller (see Fig. 5) can be

easily traced; it overcomes a partially compensatory effect associated with

the higher capture efficiency of the growing ice crystals. As glaciation

proceeds by evaporation of the droplets, the number density profile recovers

to its original level, although by now it represents merely "dried out"

nuclei. Figure 5 shows the slow progress of glaciation. The droplets first

evaporate at cloud base, where the most ice surface is available; however,

this is sensitive to parameters such as lapse rate and, possibly,

agglomeration (not treated in the model). The survival of liquid water at

cloud top is an artifact of the model, due to fictitious accumulation as the

updraft tapers off. Of course, lateral divergence must exist, to compensate

for this slowdown, and this should introduce an equivalent one-dimensional

.sink" in the conservation equations. The total liquid water contents of the

cloud is shown in Fig. 6, where a progression from a profile that reaches

1 g/m3 at cloud top to essentially zero, can be seen to occur.

The vapor density is, of course, a driving factor throughout these

developments. Its evolution is seen in Fig. 7. The initial profile is simply

a reflection of the temperature profile assumed, since water saturation exists

initially. At the latter times, when the cloud is glaciated, the vapor

density falls very slightly below water saturation. A lower bound would

probably exist at the ice saturation level (85-90% of water saturation at

these temperatures), but this limit is not even approached; this means enough

supersaturation still exists relative to the ice phase to ensure continued

growth (see Fig. 2) in these later stages. In turn, this prevents
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substantially greater ice accumulation at the cloud top, which would occur if

slower growth happened there. This kind of accumulation is seen in the data

of Ref. 10 for the mature and decaying stages; the authors of Ref. 10

attribute it to some sort of ice multiplication process. We believe it

possible that large-scale accumulation may also result from slow growth, if

conditions leading to cummulative vapor depletion are established. Continued

work in improved modeling of the cloud top region is needed to clarify this

point.

A pre-condition for glaciation is a sufficiently high ice particle

concentration, or, conversely, a sufficiently low lapse rate, so that the ice

phase may absorb all of the excess vapor carried by the updraft. Criteria for

this threshold have been established, for example by Jiusto (Ref. 14); for our

conditions it seems to correspond to about 3 particles/liter, as in the

prev'ious example.

To verify this limit, we repeated the calculations for similar

conditions, except that the ice flux at the top was reduced by a factor of 2

(to 500 m2 sec- ). Figure 8 shows the development of the liquid water

contents with time in their case; there is a strong reduction, traceable

mostly to the continued accretion of droplets on ice particles, but the

droplets show no tendency to evaporate in the presence of about 1 ice

crystal/liter. Notice the ice concentration has decreased by a factor of 3,

while the flux vas reduced only by 2; this is due to the faster fall speed

(0.8-1 rn/sec. vs 0.5-0.8 m/sec) of the particles in the second case, which in

turn results from the continuation of riming throughout the cloud

development. Figure 9 illustrates this; about half the mass per particle is

rime, even after 11,000 sec. Also associated with this is the smaller radius

of the ice particles (0.8 w.m at cloud base), due to their smaller residence

tine. Altogether, then, the riming behavior of the ice particles cooperates
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in making a fairly fast transition from glaciating to non-glaciating

conditions as the ice flux is reduced.

Going to the opposite end of the concentration scale, we tested a case

with 2000 crystals/(m2 sec) (twice the flux of the basic case).

Simultaneously, the diameter of the droplets was reduced to about 12 Uam, to

reduce accretion effects. This resulted in a very rapid glaciation of the

whole cloud between t = 3000 sec (when the, now lightly accreting crystals,

first reach the cloud base) and about t = 4000 sec. The vapor density

profiles for this case are shown in Fig. 10. The vapor is clearly below water

saturation, but still only about half way to ice saturation. It would appear

that in order to prevent vapor diffusion growth in the upper part of the

cloud, a crystal seeding rate even two to three times higher is required;

under such conditions, accumulation at the top can be expected.
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5. OBSERVATIONS ON THE SNOW T DATA

Due to the apparent existence of agglomeration in at least parts of the

snowstorms of January and February 1981, as reported in Ref. (11), we have not

attempted a direct simulation using the numerical code. We will limit

ourselves for now to a few comments on the implications of the data.

Figure 11 shows vertical profiles taken shortly after the start of snow

on January 22. There is a nearly isothermal, relatively thin cloud which

appears to be ice, rather than water saturated. Glaciation is, indeed,

favored by low lapse rates, because a moderate ice particle concentration can

then absorb the small amount of vapor made available by the updraft. However,

the clouds may be reverting to liquid, since light to medium riming is

reported later on the day. At the early times, the cloud could be classed as

a "seeder-only" system, in the nomenclature of Jiustr and Weickmann

(Ref. (15)).

Figure 12 corresponds to the peak of the snowstorm of February 8-9,

1981. The in-cloud temperature follows closely a moist adiabatic line,

showing a well developed stratus system. The cloud is quite thick, water

saturation being maintained to at least 3200m, with a low cloud base

(-400m). The temperature range goes from -5*C to -25*C, which explains the

wide variety of snow particles observed at the time. The very small columns

reported nay actually have formed near cloud base, in the -5 to -10*C range,

while the more complex and large crystals must come from (or at least have

gone through) the mid-regions of the cloud, around the maximum growth rate

range (-12 to -18*C).
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The data of snow concentration and precipitation rate are shown in

Fig. 13 plotted versus each other for comparison with the empirical

correlation of Sekhon and Srivastava (Ref. (16)). Most points cluster about

the correlation line, with corresponding fall velocities from 1 to 1.4 m/sec.

For those points deviating clearly to the right (high fall velocities, 2-5

m/sec), one can recognize conditions of heavy riming in the descriptions

reported.

It is of interest that Passarelli (Ref. (17)) has been able to obtain a

theoretical prediction of the Sekhon-Srivastava line based on the existence of

a limiting "equilibrium" growth regime, in which both agglomeration and vapor

growth (with their opposite effects on polydispersity) are acting

simultaneously. Based on the equations of Ref. (17) the equilibrium growth

regime is only reached after a fall distance of the order of 1vp/Kj, where

£vp is the length scale for variation of vapor pressure in the cloud and K,

is only a function of the exponents for the fall speed-diameter and vapor

growth-diameter relationships; typical values of K1 are about 0.3. Using the

Clausius-Clapeyron equation, then, we obtain a "development distance"

R2T
1 RT

£ 0.3 r L (19)

where Rv is the vapor gas contant, Ls the heat of sublimation and r the

lapse rate. For T = -16*C, r = 7*C/Km, one finds . = 5000m. Thus, only for

rather thick strata can one expect strict equilibrium growth, although a good

approximation seems to be obtained in only a fraction of the above distance.

In any event, Fig. 13 seems to confirm the importance of agglomeration for the

case of the February 8-9 storm.
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Also shown in Fig. 13 are the results of our model calculations at cloud

base, for five sets of conditions. These are denoted by the code a/b/c, where

a is the crystal flux (per m 2, per sec), b is 10-8 x the droplet density at

cloud base (m- ), and c is the lapse rate in the upper 400m of the cloud, in

*C/km (the lower 600m are in all cases taken at 8*C/km). The trends predicted

are correct, but our calculated fall velocities tend to be lower than observed

in the SNOW data and than implied by the correlation data. This is most

likely a result of the neglect of agglomeration, which increases particle mass

somewhat faster than exposed area.
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6. SNOW OPTICS TRANSMITTANCE CALCULATIONS

In this section we develop a relationship between extinction coefficients

in the visible/infrared to snowflake physical characteristics. We begin with

the equation for the transmission - through falling snow

r = exp (-6L) , (20)

where

L = path length

6 = extinction coefficient - JA N(A)Qext (niceA, X) dA

N(A) = number of snowflakes with area A

Qext = extinction efficiency

nice = refractive index of ice

X = wavelength

The equation for conservation of mass gives

Mwater =Mice

where

44



Mwater - melted-ice water equivalent of snow

Mice = mass of ice

Pwater R = P ice JVN(V)v(V) dV (21)

Pwater - density of water

R = precipitation rate

Pice - density of ice

N(V) - number of snowflakes with volume V

v(V) - settling velocity of snowflake with volume V

Dividing Eq. (21) by Eq. (20) and solving for 8:

8 ~water RfAN Qext dA 
(22)

Pice jVN v dv

For a monodisperse particle distribution, N(V) - N06(V-Vo) and N(A) -

N06(A-Ao), in which case Eq. (22) becomes:

PwaterR AoQext (23)
Pice VoV

For visible/infrared, Qext 2 2, so that a relatively simple formula for 8

results:
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Pwater R A ,(4

Pice Va

Data exists (e.g., Refs. 2,18,19) on values of 3,A, V, and v for

different snow types. The data points shown in Figures 14 and 15 were

digitized for subsequent curve fitting. (The original curves shown in Figure

14 and 15 are drawn with unknown curve fits.)

Appendix A shows the curve fit results for fall velocity v versus

dimension for different snow crystal type. Appendix B gives the results for

mass M (actually the 3/2 power of the linear dimension designated "r" in

Figure 15).
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7. CONCLUSIONS AND RECOMM1ENDATIONS

A relatively simple model has been develhped that can be used for

exploration of the intricate sensitivities and interrelationships affecting

the nature and intensity of snowfall. Although the model can be of use in its

present form, preliminary evaluations against data indicate the need for

several improvements and extensions.

(a) Inclusion of ice-ice agglomeration

(b) Elimination of fictitious accumulations due to updraft dropoff.

(c) Inclusion of wet snow effects

The work has also led to the awareness that more detailed in-cloud

measurements would greatly enhance our understanding and predictive

capabilities. Models like the present one could be used to evaluate and

correlate these detailed data.

Finally, a simple relationship between extinction in the visible/infrared

and snowflake physical characteristics provides a framework in which the

snowflakes resulting from calculations performed by the model described above

can he related to optical transmission data.
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APPENDIX A

DIMENSION OF CRYSTAL

VS.

FALLING VELOCITY

FOR SIX TYPES OF SNOW
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Figure A-I. Crystal dimension (mm) vs falling velocity (cm/s) for needles.
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Figure A-2. Crystal dimension (mm) vs falling velocity (cm/s) for plane

dendrit ic.
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Figure A-3. Crystal dimension (mm) vs falling velocity (cm/s) for spatial

dendritic.
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DIM VS FRLING VELOCITY #4 POWDER SNOW
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Figure A-4. Crystal dimension (mm) vs falling velocity (cm/s) for powder snow.
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DIM VS FRLLING VELOCITY #5 CRYSTRL WITH DROPLE-
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Figure A-5. Crystal dimension (mm) vs falling velocity (cm/s) for crystal

with droplet.
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DIM VS FALLING VELOCITY #6 GRAUPEL
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APPENDIX B

DIMENSION OF CRYSTAL

VS.

R** (3/2)

FOR SIX TYPES OF SNOW
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Figure B-I. Crystal dimension (mm) vs r (mm) to the 3/2 power for needles.
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Figure B-2. Crystal dimension (mm) vs r (mm) to the 3/2 power for plane

dendritic.
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DIM VS R.*(3/2) #4 POWDER SNOW
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Figure B-4. Crystal dmension (mm) vs r (mm) to the 3/2 power for powder snow.
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DIM VS R**(3/2) #5 CRYSTFL WITH DROPLETS
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Figure B-5. Crystal dimension (mm) vs r (mm) to the 3/2 power for crystal

with droplet.
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DIM VS R**(3/2) #6 GRRUPEL

4 017 -0004, x2

co

DIMENSION OF CRYSTAL

Figure B-6. Crystal dimension (mm) vs r (mmn) to the 3/2 power for graupel.
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